We introduce Paircoil2, a new version of the Paircoil program, which uses pairwise residue probabilities to detect coiled-coil motifs in protein sequence data.
Introduction
The alpha-helical coiled coil is a simple structural motif found at high frequency in proteins of all organisms. Many coiled coils mediate oligomerization or protein-protein interaction, and the motif is important to the structure and function of several classes of fibrous structural proteins, motor proteins, transcription factors and membrane fusion proteins. Prediction of coiled coils in proteins can be used to identify putative oligomerization domains, to postulate functional mechanisms and to map sequence to structure at a high level of detail. Moreover, such predictions are necessary as a first step in understanding coiled-coil interactions (Newman & Keating 2003 , Fong et al. 2004 ). Thus, efficient and highly accurate methods for predicting coiled coils are important for annotating the data that result from genome sequencing projects.
Sequence-based methods for predicting coiled coils, such as COILS (Lupas et al.1991) , Paircoil (Berger et al. 1995) , MultiCoil (Wolf et al. 1997 ) and MARCOIL (Delorenzi & Speed 2002) , have been quite successful. Since publication of the Paircoil program, the number of known coiled-coil sequences has increased dramatically. We have used these data to develop Paircoil2, an improved version of Paircoil, and find that it performs well in leave-family-out cross-validation and outperforms other common methods.
Paircoil2 Retraining and Testing
An initial coiled-coil database was constructed from sequences known to contain coiled coils, using information from structure and the literature. The coiled-coil regions were defined and annotated with the appropriate heptad register according to the following sources. The myosins, tropomyosins and paramyosins were annotated as described in Berger et al. 1995 . Intermediate filament coiled coils were based on Strelkov et al. 2003 . Viral coat proteins, laminins, fibrinogens, heat shock factors, and flagellins were based on Wolf et al. 1997 and Singh et al. 1999 , and the bZIPs according to Newman & Keating 2003 , Vicentz et al. 2001 and Fassler et al. 2002 . Dynein heavy chains were annotated according to Gee et al. 1999 and by inspection, and kinesin heavy chains after Thormählen et al. 1998 , Morii et al. 1997 and inspection. In addition, a number of coiled-coil sequences that did not fit into these categories were detected and annotated by SOCKET (Walshaw & Woolfson, 2001 ) from the 2002 version of the PDB (Berman et al. 2002) .
The coiled-coil database was generated from this initial database by adding homologous sequences from the NCBI NR database. PSI-BLAST (Altschul et al. 1997) was run for four iterations, using an E-value cutoff of 10 -10
. The BLAST sequence alignments were used to define the coiled-coil regions and to assign heptad registers, which were verified with Paircoil. For cases where the Paircoil-derived and alignmentderived register disagreed, assignments were made manually. The database was filtered to 90% sequence identity with CD-HIT (Li et al. 2001) . Seven residues were removed from each side of a skip in the heptad register or a gap in the alignment to avoid introducing non-coiled coil residues into the database. To further eliminate possible non-coiled coil residues, seven residues were removed on each side of proline residues, and from the beginning and end of each coiled-coil region in all sequences. All regions with at least 28 contiguous coiled-coil residues were included in the coiled-coil database of 1,371 protein chains, containing 95,517 coiled-coil residues. Coiled-coil residue pair frequencies were calculated from this database, and background frequencies were derived from the NCBI NR90 database of March 2005.
The database of non-coiled coils, PDB-minus, was derived from the PDB from February 28, 2005, filtered to 40% sequence identity using CD-HIT. Proteins in the coiled-coil database or detected by SOCKET were removed. PDB-minus consists of 6,397 sequences comprised of 1,486,055 residues. A list of the protein sequences making up these data sets is available as supplementary data.
The Paircoil2 algorithm is the same as that of Paircoil, with the incorporation of the new data. It was extended to allow window sizes of both 21 and 28 residues. The algorithm runs in linear time relative to the length of the input sequence. Confidence is reported as a P-score, which is a measure of the percentage of non-coiled coil residues in PDB-minus that score better than a given Paircoil2 raw score. We find that the score distribution of PDB-minus is closely approximated by a Gaussian, and as such the Pscore is calculated to be the area below this curve and to right of the raw score. Paircoil2 performs extremely well in leave-family-out cross-validation on the coiled-coil database. For each cross-validation, sequences in one coiled-coil family were placed in the test set, along with half of the sequences in PDB-minus, selected randomly. The remaining coiled coils were used to train Paircoil2. The test set was then scored. Table 1 reports the sensitivity and specificity 1 at the P-score where the two values are closest for each family, using a window length of 28. Although P-scores and specificity both reflect false-negative rates, P-scores are defined using all of PDB-minus and specificity is evaluated during testing. Performance on the cross-validation test is very similar using the 21-length window (supplementary data).
Comparison to other sequence-based coiled-coil prediction programs
We compared the performance of the programs Paircoil2, Paircoil, COILS, Multicoil and MARCOIL on individual coiled-coil families in the coiled-coil dataset used for training. Previous comparative studies have suggested that MARCOIL and Paircoil both show superior performance to COILS (Berger et al. 1995 , Delorenzi & Speed 2002 . All programs were run with the recommended default settings: COILS version 2.2 with a window size of 28 and the MTIDK table, using the recommended method to filter highly hydrophobic sequences, and MARCOIL with the MTK table as MARCOIL-H. We note that all of the families in the Paircoil2 database are also included in the MARCOIL database, with the exception of the heat-shock factors, flagellins, and fibrinogens. However, there are many families included in the new training set that were not included in training of the older programs Paircoil, Multicoil or COILS. We were unable to perform leave-family-out cross-validation for the programs other than Paircoil2. Therefore, we compare the final versions of all programs in Table 1. Averaged over all families, Paircoil2 in cross-validation, MARCOIL and Multicoil perform very similarly on this test. The residue-level sensitivity and specificity that we report for MARCOIL are higher than previously cited, probably due to differences in the annotated coiled-coil regions used for testing, and in the relative sizes of the data sets used by this work and by Delorenzi & Speed (2002) . Paircoil2 performs better than all other programs overall. There are significant differences between families. Notably, all programs perform very well on the canonical coiled coils in the myosin, tropomyosin, intermediate-filament and kinesin families, on which all of the programs were trained. The SNARES, flagellins and viral envelope proteins are particularly hard to recognize without training on these families. This is easy to understand, as coiled coils in these families have some unusual properties: SNARES are parallel tetramers, which are rare in the training set, and the coiled-coil regions in both the flagellins and the viral envelope proteins do not form isolated coiled coils, but rather are part of higher order helical assemblies (Yonkura et al. 2003 , Chan et al. 1997 .
We also compared the performance of the different programs on a structurebased test set. NEW-PDB was derived from the October 2004 release of the PDB select90 (Hobohm & Sander 1994) . Proteins without quaternary structure listed on the EBI quaternary structure server (Henrick & Thornton 1994) were removed and SOCKET was used to detect coiled-coil regions. Two coiled-coil data sets were 1 Sensitivity is defined as TP/P, where TP is the number of correctly predicted positive residues and P the total number of positive residues. Specificity is defined as TN/N, where TN is the number of correctly generated (supplementary data): NEW-PDB21, comprised of SOCKET hits at least 21 residues in length (216 sequences, 6,288 residues) and NEW-PDB28, of hits of least 28 residues (85 sequences, 3,261 residues). Sequences with more than 90% sequence identity to a sequence in the Paircoil2 coiled-coil training set were excluded from NEW-PDB.
Paircoil, MultiCoil, MARCOIL and COILS were run using score thresholds ranging from 0.1 to 0.999. Paircoil2 was run with cutoffs from 0.001 (most stringent) to 0.10. Coiled-coil predictions that overlapped at least seven residues with the SOCKET annotation were counted as correct for the overlapping residues, and predictions overlapping less were considered incorrect. The results of this test using NEW-PDB28 are shown in Figure 1 . At all false positive rates 2 examined, Paircoil2 outperforms all other methods, with sensitivity exceeding 90% at a low false positive rate. On this data, a P-score cutoff of 0.03 corresponds to sensitivity 0.730 and specificity 0.998. There is virtually no difference in the performance of Paircoil2 between using a 28-residue or 21-residue window. The lower sensitivity in this test compared to cross-validation is likely due to the SOCKET set containing a wide variety of short, non-canonical coiled coil proteins, which are more difficult to predict.
We conclude that the size and diversity of the training set are critical for achieving good performance at recognizing coiled coils generally. Methods trained primarily on long, dimeric coiled coils, such as Paircoil and COILS, recognize similar types of structures but do not pick up the wide variety of sequences observed to adopt the coiled-coil fold in the PDB. Paircoil2, which has a large and diverse training set, is the tool of choice for this task.
predicted negative residues and N the total number of negative residues. 2 The false negative rate is defined as 1-specificity. 
